Groundwater is a key water resource, with 45.7% of all drinking water globally being extracted from 15 groundwater. Maintaining good groundwater quality is thus crucial to secure drinking water. 16
in 2014, 2015, 2016 and 2018. In both wells, water was extracted from five discrete depths ranging 23 from 13 to 54 m and used to analyze geochemical parameters, pesticide concentrations and microbial 24 community dynamics using 16S rRNA gene sequencing and qPCR. Groundwater geochemistry was 25 stable throughout the study period and pesticides were heterogeneously distributed at low 26 concentrations (µg/L range). Integration of the groundwater chemical and microbial data showed that 27 geochemical parameters and pesticides exerted selective pressure on microbial communities. 28 Furthermore, microbial communities in both wells showed a more similar composition in the deeper 29 part of the aquifer as compared to shallow sections, suggesting vertical differences in hydrological 30 connection. This study provides initial insights into microbial community composition and distribution 31 in groundwater systems in relation to geochemical parameters. This information can contribute for 32 the implementation of bioremediation technologies that guarantee safe drinking water production 33 from clean aquifers. 34 Keywords: micropollutants, pesticides, groundwater, microbial communities, natural attenuation 35 36 
Introduction

47
Groundwater is a key water resource, with 45.7% of all drinking water being abstracted from 48 groundwater globally (1) . Therefore, maintaining good groundwater quality is crucial to maintaining 49 drinking water security. One group of micropollutants (MP) that threatens groundwater quality is 50 formed by pesticides. In 2016, more than 4 billion kilograms of pesticides were used for agricultural 51 purposes worldwide (2). Pesticides seep into groundwater, resulting in concentrations that often 52 exceed regional legislations for drinking water production (3). Post extraction treatment by advanced 53 water treatment technologies, such as adsorption to activated carbon or advanced oxidation can 54 effectively remove pesticides in some cases, but are neither cost-effective nor suitable for all situations 55 (4). 56
As an alternative, in situ biodegradation or natural attenuation of MP, mediated by indigenous 57 microorganisms, is regarded as a more sustainable means for safeguarding drinking water resource 58 quality (5). Harnessing the biodegradation capacity of aquifers however, is especially challenging, due 59 to oligotrophic conditions, due to low DOC concentrations, and limited oxygen availability. Oxygen, as 60 the most favorable electron acceptor, is often quickly depleted below the surface, especially in 61 relatively young geological formations as found in river flood plains and delta's; in these deeper 62 aquifers, microbes rely on other available electron acceptors like nitrate, Fe (III), sulfate, etc. 63
Groundwater is also typically depleted in nutrients and assimilable organic carbon, because preferable 64 carbon substrates are consumed by microbes in mineral soil and the vadose zone (6). A potential 65 degrader therefore has to compete with other microbes for scarce assimilable organic carbon for 66 energy, while still maintaining efficient degradation activity (3). Whereas biodegradation of pesticides 67 has been shown in soil , activated sludge, and aerobic sand filter systems (7-12), few studies have been 68 conducted in low-concentration, low-biomass environments that could be representative for 69 groundwater (3). Harnessing the biodegradation capacity of aquifers, i.e. for PM removal, necessitates 70 a thorough biogeochemical understanding of these oxygen-limited and oligotrophic ecosystems. 71
Recent studies have tried to describe microbial communities in groundwater ecosystems in situ, or in 72 microcosm experiments that simulated environmental conditions (13-20). Results from high-73 throughput sequencing of 16S rRNA gene amplicons show that a large number of microorganisms in 74 groundwaters cannot be classified even on class or phylum level (13, 17), which largely precludes 75 assumptions about their biodegradation potential. Whereas some studies examined the correlations 76 among microbial community, pollutant abundance, and geochemical parameters (13, 18-20), these 77 datasets did not consider stabilities in microbial community and redox conditions within the aquifer, 78 over time and spatially. Considering the diversity of electron acceptors, dissolved organic carbon 79 (DOC) as electron donor, and low nutrient concentrations in groundwater, long-term repeated 80 sampling of microbial communities in a variety of groundwater compositions at a fixed set of locations 81 and depths is required to make conclusions about MP natural attenuation distributions over aquifers. 82
To this end, this study aimed to elucidate the interaction of groundwater geochemistry, pesticide 83 presence, and aquifer microbial communities to understand the potential for the natural attenuation 84 of pesticides. Geochemical properties and pesticide concentrations were measured from groundwater 85 monitoring wells in the northeast of The Netherlands over the course of several years, and 16S rRNA 86 gene amplicon sequencing was used for microbial community analysis, to understand aquifer 87 biogeochemistry. Each well was sampled at five different depths between 12m and approximately 60m 88 below the surface. The results presented here provide insight into microbial community composition 89 and how it relates to groundwater composition, with the ultimate aim of better understanding the 90 aquifers' potential for natural attenuation. 91 The groundwater monitoring wells used for this study are located in an agricultural area in the 94 northeast of The Netherlands. Monitoring wells are located around groundwater extraction locations 95 and used for drinking water production. To ensure the water quality of drinking water, several 96 monitoring wells are installed in the surroundings of extraction locations. Two of those monitoring 97 wells were sampled for this study. A map of the wells' locations is provided in Supplementary 98 Information ( Figure S1 ). The first well (designated as well 22) is further upstream form the extraction 99 location and adjacent to a canal, while the second one (designated as well 23) is closer to the extraction 100 location. The distance between well 22 and 23 is around 500 m, and both wells are filtered at five 101 discrete depths from 13-54 m below ground level (Table S1 ). 102
Materials and Methods
Groundwater sampling
103
Groundwater sampling was performed at the above-mentioned monitoring wells at each discrete 104 depth. Samples were collected per depth in duplicates for the years 2014, 2015, 2016 and in singletons 105 for 2018. Before sample collection, wells were flushed by extraction, and the volume of water 106 contained per pipe was discarded three times before sampling. Turbidity was measured during this 107 process, and the samples were taken after the turbidity measurement stabilized below 1 NTU. Samples 108 were collected in 10 L jerry cans and stored at 4°C before further analysis. 109 The sulfate concentration was determined in accordance with NEN-EN-ISO 10304-1:1995 (25). The 118 pesticides bentazon, mecoprop, chloridazon and the metabolites chloridazon-desphenyl (CLZD) and 119 chloridazon-methyl-desphenyl (CLZMD) were quantified by liquid chromatography coupled with a 120 mass spectrometer (LC-MS). After acidification and addition of labeled internal standards, the samples 121 were injected and analyzed (24). 1,4-dioxane (henceforth dioxane) was determined by using purge 122 and trap gas chromatography coupled with a mass spectrometer (GC-MS), and the metabolite 2,6-123 dichlorobenzamide (henceforth BAM) was measured in a GC-MS triple quad (QQQ) (24). 124
Geochemical and micropollutant quantification
Groundwater filtration 125
In order to concentrate biomass, groundwater samples were filtered through Isopore membrane filters 126 with a pore size of 0.2 µm (Merck Group, Darmstadt, Germany). The exact volume of water filtered per 127 sample is given in Tables S2 and S3 . Filters were snap frozen in liquid nitrogen and stored at -20°C prior 128 to DNA extraction. The glassware from the filtration equipment was cleaned with absolute ethanol 129 between each filtration process. 130 was controlled on 1% (w/v) agarose gels stained with 1x SYBR® Safe ethidium bromide (Invitrogen,  135 Grand Island, NY) and its quantity was measured using the dsDNA HS Assay kit for Qubit fluorometer 136 (Invitrogen). 137
The PCR amplification for samples from 2014 to 2016 was conducted with primers 27F 138 (GTTYGATYMTGGCTCAG) and 338R (GCWGCCWCCCGTAGGWGT) targeting the V1 and V2 regions of 139 the 16S rRNA gene. However, primers targeting regions V1-V2 have recently been shown to be better 140 suited for gut microbiota studies rather than for environmental samples (26). Therefore, for the 2018 141 dataset, the primers used were 515F (GTGCCAGCMGCCGCGGTAA) and 806R 142 (GGACTACHVGGGTWTCTAAT) targeting the V4 region (27). 143
Set of samples 2014 -2016 144
In this study, a two-step PCR protocol was used. With this approach, tags and adapters were added in 145 a second round of PCR amplification (Tables S4 and S5 ). 146
The initial PCR mix was prepared as described in Table S6 and the second PCR mix as in Table S7 . The 147 amplification program for both PCR mixes is detailed in Table S8 . The quality and concentration of the 148 PCR products were determined through analysis on a 1% (w/v) agarose gels stained with 1x SYBR® Safe 149 ethidium bromide (Invitrogen) and using the dsDNA HS Assay kit for Qubit fluorometer (Invitrogen). 150
The barcoded samples were pooled in equimolar concentrations and sent for sequencing on an 151
Illumina Miseq machine (GATC-Biotech, Konstanz, Germany; now part of Eurofins Genomics Germany 152 GmbH). Sequence data were submitted to the European Bioinformatics Institute under study accession 153
No PRJEB34986. The barcode sequence for each sample is detailed in Table S9 . 154 qPCR analysis was used to quantify total bacteria and archaea based on the 16S rRNA gene, and 155 functional genes involved in nitrate reduction (nirS, nirK, nosZ) (28) and sulfate reduction (dsrB) (29) . 156
Analysis was performed on an iQ SYBR Green using Bio-Rad super mix using CFX384 Touch™ Real-Time 157 PCR Detection System. All qPCR assays were performed in triplicate with a total volume of 10 μL 158 reactions. Gene copy numbers were calculated per ml groundwater. Detailed information of the qPCR 159 primers and amplification protocols can be found in Table S10 . 160
Set of samples 2018 161
The PCR mix was prepared as described in Table S11 , and the PCR program used is detailed in Table  162 S12. The PCR products were cleaned with the MagBio Beads Cleanup Kit (MagBio, MD, USA) according 163 to the manufacturer's instructions. Quality and concentration of the PCR products were determined 164 as described in Section 2.5.1. Samples were pooled (total of 72) in approximately equal concentrations 165 (4 x10 6 copies µl -1 ) to ensure equal representation of each sample. The barcode sequence for each 166 sample is detailed in Table S13 . The pooled samples were cleaned with the MagBio Beads Cleanup Kit 167 (MagBio) for a second time and quantified again using the dsDNA HS Assay kit for Qubit fluorometer 168 (Invitrogen). The resulting library was sent to Eurofins genomics (Konstanz, Germany) for 2X150nt 169 sequencing on an Illumina Hiseq2500 instrument. These sequence data were submitted to the 170 European Bioinformatics Institute under study accession No XXXXX and sample accession No XXXXX. 171 2.6 Data processing and analysis 172 Sequence analysis of the raw data was performed in NG-Tax using default settings (30). In short: 173 paired-end libraries were demultiplexed using read pairs with perfectly matching barcodes. Amplicon 174 sequence variants (ASV) were picked as follows: for each sample sequences were ordered by 175 abundance and a sequence was considered valid when its cumulative abundance was ≥ 0.1%. 176
Taxonomy was assigned using the SILVA reference database version 128 (31). ASVs are defined as 177 individual sequence variants rather than a cluster of sequence variants with a shared similarity above 178 a pre-specified threshold such as operational taxonomic units (OTUs). Even though the read length of 179 the Miseq and Hiseq data differed (250nt vs 150nt respectively) NG-Tax analyzed the same read 180 lengths (140nt) for both datasets to homogenize the data. Supplementary Table S14 ). Furthermore, clear zonation of the availability of different 204 electron acceptors was observed. For example, in well 23, nitrate was present at filters 1-3 (13-37m), 205 at average concentrations of 18, 15, and 12 mg L -1 , respectively (Figure 1b) . A low concentration of iron 206 (II) was observed, suggesting that nitrate is most likely the dominating electron acceptor. This was 207 further supported by the qPCR data ( Figure 1d ), which shows a higher abundance for the genes nirS 208 and norZ, involved in nitrite and nitrous oxide reduction, respectively, in filters 1-3 of well 23 compared 209 to the other samples. In filters 4 and 5 of well 23 (47 and 54m), iron (II) was observed at average 210 concentrations of 11.4 and 14 mg L -1 , indicating iron-reduction is occurring in the deeper zones. This 211 was accompanied by a 1-2 order of magnitude drop in nirS and nosZ abundance compared to filters 1-212 3 of well 23, suggesting that nitrate is not used as a primary electron acceptor. In contrast, well 22 was 213 characterized by more anoxic conditions, with no nitrate measured during 16 years of monitoring. 214 Furthermore, well 22 had less clear zonation of electron acceptors (Figure 1a ). Both iron (II) and sulfate 215 were present and their concentrations varied between filters (iron (II) 0.4-14.7 mg L -1 , sulfate 0-93 mg 216 L -1 ), most likely indicating a mix of iron-and sulfate-reducing conditions. Sulfate-reduction appeared 217 to be most active in filters 22-1 and 22-2 as indicated by the low concentration of sulfate compared to 218 filters 22-4 and 22-5. A high abundance of the dsrB gene (Figure 1c ), which is involved in sulfate 219 reduction, provided further evidence for sulfate as an electron acceptor in filters 22-1 and 22-2. 220
The groundwater geochemical data showed zonation in electron acceptor availability coupled with 221 DOC as the dominating electron donor. DOC was found in both well 22 and 23 at concentrations 222 between 2.4 and 19.7 mgL-1 (Figure 1, a Archaea. On average, the most abundant phyla in well 22 were Proteobacteria (26.8±14.9%), 239
Chloroflexi (11.8±5.7%), Candidatus Omnitrophica (8.0±3.2%), Nitrospirae (7.5±12.1%), Bacteroidetes 240 (4.0±3.3%), Firmicutes (3.3±1.5%), Microgenomates (2.2±2.2%), Nitrospinae (2.4±3.8%), and 241
Parcubacteria (1.7±1.3%, Figure 3a) . The most abundant phyla of well 23 were classified as 242
Proteobacteria (25.6±8.2%), Omnitrophica (16.9±9.2%), Microgenomates (8.4±4.0%), Nitrospirae 243 (7.9±9.2%), Chloroflexi (6.6±4.8%), Ignavibacteriae (4.6±6.6%), Parcubacteria (1.5±1.4%), 244
Bacteroidetes (1.1±1.3%), and Acidobacteria (0.9±1.5%, Figure 3b ). 245
For the samples taken in 2018, the portion of sequences that could not be assigned to any phylum 246 ranged from 1.4-19.4%. The most abundant phyla in well 22 were Proteobacteria (51.7±12.5%), 247 followed by Chloroflexi (12.6±6.2%), Candidatus Omnitrophica (8.8±2.8%), Nitrospirae (4.3±2.2%), 248
Parcubacteria (4.3±5.0%), Firmicutes (3.2±3.5%), Bacteroidetes (1.5±1.1%), Thaumarchaeota 249 (1.1±0.8%), Euryarchaeota (0.7±0.6%), and Woesearchaeota_(DHVEG-6) (0.7±0.9%, Figure 3c ). The 250 most abundant phyla of well 23 were Proteobacteria (24.1±6.7%), Omnitrophica (21.1±20.2%), 251
Chloroflexi (10.8±8.1%), Nitrospirae (9.8±5.8%), Acidobacteria (3.1±3.8%), Actinobacteria (2.9±2.8%), 252
Parcubacteria (2.5±1.1%), Thaumarchaeota (2.2±3.9%), Ignavibacteriae (1.8±1.8%), and 253
Verrucomicrobia (1.3±1.6%, Figure 3d Supplementary Table S15 ). Microbial communities observed in filters 4 and 5 288 (22.8±5.4) of both wells were more diverse than those in filters 1-3 (18.5±4.7) (p=0.002 two-sided t-289 test). 290
Redundancy Analysis
291
To determine to what extent concentrations of geochemical components and pollutants on microbial 292 communities can explain the observed variation in microbial composition, we used RDA. Out of all the 293 measured components, the most variation was explained by nitrate, sulfate, iron (II), DOC, ammonium, 294 dioxane, and CLZD. The resulting model explained 53% of the variance between the microbial 295 communities (Figure 6a ). All the predictors show high significance (p-value<0.001) in the model. Out 296 of the variables in the model, the most variation is explained by nitrate, followed by DOC, iron (II), 297 sulfate, dioxane, ammonium, and CLZD. The microbial group most associated with the nitrate was 298 family FW13 from the phylum Nitrospirae. The family Nitrospiraceae of the phylum Nitrospirae closely 299 correlated with the presence of ammonium. Two members of the phylum Proteobacteria, one 300 belonging to the order Methylococcales and one affiliated with the genus Synthrophus, correlated with 301 both iron (II) and ammonium concentration. The samples clustered in three groups: the samples from 302 the shallow filters in well 23 are grouped over the arrow for nitrate; samples of the shallow filters in 303 well 22 appear close to DOC; all samples from deep filters are located between sulfate, dioxane, and 304 iron (II). 305
Variation partitioning for nitrate, sulfate, DOC, and iron (II) showed that most of the variation within 306 the microbial communities explained by these compounds was actually only related to one compound 307 ( Figure 6b ). The biggest shared explained variation was observed for nitrate and sulfate and amounted 308 to 2.2%. Nitrate, sulfate, and DOC shared 1.8% of variation, while the shared variation explained by 309 nitrate, sulfate and iron (II) was 1.7%. The compounds nitrate, DOC, and iron (II) shared 0.6% of the 310 variation, while nitrate and iron (II) shared 0.5% of the variation within the microbial communities. 311 the variation in the microbial community composition was explained mainly by geochemical 324 parameters, namely for 33.3% by DOC, nitrate, sulfate and iron (II) (Figure 6b ). In oligotrophic 325 groundwater environments, DOC is an important carbon and energy source supporting metabolic 326 activity (38). In wells studied here, the higher DOC concentrations indicate that DOC was most likely 327 the prevailing carbon substrate, thus limiting microbial use of the MP as carbon source (3). However, 328 DOC can also act as a structural analogue, potentially promoting the development of MP 329 biodegradation capacity (39, 40). The variation in nitrate, sulfate and iron (II) concentrations reflected 330 a redox zonation that appeared to be selective for microbial communities able to utilize the available 331 electron acceptor. This selective pressure was reflected in the qPCR results showing an increase in copy 332 numbers for nitrate or sulfate reduction genes when each of these electron acceptors was present 333 (Figure 1 ). Even though, qPCR data only show potential catabolic activity, our results confirmed the 334 correlation between geochemical parameters and potential microbial metabolism (3). Thus, in our 335 system, the geochemical conditions appeared to be the main selective driver for shaping microbial 336 community composition. 337
Discussion
As opposed to geochemistry, we observed less selective pressure by MP on groundwater microbial 338 community composition. The lack of influence of pesticides on microbial community structure can be 339 explained by the heterogeneous distribution and the low concentrations of these chemicals. Only two 340 of the MPs (CLZD and dioxane) were recurrent enough to allow statistically testing of their influence 341 on microbial composition (Figure 6a ). Both MP explained the variation in microbial communities to a 342 lesser extent that geochemical parameters. The explained variation in microbial communities changed 343 from 33.3% (Figure 6b ) to 31.6% when sulfate was removed and CLZD was included, and to 32.7% 344 when dioxane but not CLZD was included ( Figures S2 and S3) . Previous research has shown selective 345 pressure by MP in shallow aerobic aquifers, where microbial communities acclimated to injected MP 346 (41). In that field site, a mixture of pesticides was homogenously distributed by continuous injection 347 for 216 days at concentrations around 40 µg L -1 (41), 25 times higher than what we observed in our 348 study. The results of that study are thus in line with ours, namely that chemical compounds present at 349 stable and heightened concentrations exert a selective pressure on microbial communities. 350
The selective pressure exerted by the availability of electron acceptors is also reflected in key microbial 351 groups (Figure 6a ). For instance, we observed two families from the order Nitrospirales. Nitrospiraceae 352 positively correlated with ammonium presence, and FW13 positively correlated with nitrate presence. 353
These microbial groups are known for participating in different steps of the nitrogen cycle (42, 43). The 354
phylum Omnitrophica, previously known as OP3, which is a group of anaerobic microorganisms (44), 355 was also positively correlated to nitrate concentration. The fact that there are microbial groups 356 influenced by nitrate and also a high abundance of nitrate-reducing genes (Figure 1 ), further confirm 357 the relevance of geochemical conditions for shaping microbial communities and their metabolism. 358
Whether the microbial communities that participate in geochemical cycles have also the potential for 359 MP remediation, needs to be further investigated. 360
Microbial community distribution with depth in the aquifers
361
In terms of beta diversity, monitoring wells showed that shallow filters (1-3) in each well cluster 362 separately from deep filters (4-5) from both wells. This pattern was evidenced for samples from 2014-363 2016 and from 2018, indicating that this finding is not the result of a primer bias. We thus suspect a 364 hydraulic connection between the deeper filters in wells 22 and 23, most likely caused by the large 365 volumes of water extracted in the deeper aquifer. The possibility of a hydrological connection implies 366 that MP found in the deeper filters can spread more easily through the aquifer. 367
To corroborate whether there is a possible hydrological connection between the two studied wells, 368 the soil profile from both wells was obtained from a project partner (Tables S16 and S17). Both wells 369 were mainly composed by sand, but there were also clay layers dividing shallow (Figure 1 ). Degradation products are also 384 difficult to identify since anaerobic degradation pathways are largely unknown (47). We showed that 385 geochemical data can be stable over time (Figure 1 ). However, if biodegradation happens, it is unlikely 386 that it results in geochemistry changes. First, because concentrations of MP are generally three orders 387 of magnitude lower than those of geochemical parameters and second because in the presence of 388 DOC, MP will not be consumed at high rates. Even when microcosm experiments can provide direct 389 evidence for degradation, this can mainly be demonstrated by changes in MP concentration and 390 changes in known degradation gene abundance (38). In the field, the systems are more complex, 391 therefore those two tools will not be enough to prove biodegradation. 392
Remediation technologies such as biostimulation and bioaugmentation are also an option to remove 393 MP from groundwater systems. In the present dataset, there are a variety of redox conditions for 394 biodegradation to occur. Still, there is lack of information about which redox condition could facilitate 395 degradation of a specific pesticide. In principle, understanding the right conditions for biodegradation 396 would allow us to engineer the system. By the use of biostimulation, for instance, the right redox can 397 be provided for the microbial communities depending on which pesticide is present. In this particular 398 example, we could monitor changes in the MP concentration per depth and changes in the stable 399 geochemical data. If we incorporate the information we have about the horizontal hydrological 400 connection in the deeper aquifer, we could determine at which depth it could be more effective to 401 provide the amendment. Furthermore, the incorporation of additional monitoring tools, such as 402 compound specific isotope analysis (CSIA) (48, 49) can provide a stronger argument about whether 403 engineering the system was or not successful. 404
Outlook and recommendations 405
The aim of this study was to explore groundwater microbial communities for natural attenuation 406 potential of MP. The present study provides information about the main microbial groups present in 407 two groundwater monitoring wells, and the influence of geochemical parameters and MP in the 408 microbial community composition. We found that the main selective pressure in the aquifer were the 409 geochemical conditions. MP were heterogeneously distributed and at low concentrations, thus 410
showing less effect on the microbial composition. The results shown here can be used for the design 411 of degradation experiments of MP under different redox conditions as well as for inspiration to use 412 molecular tools for monitored natural attenuation projects. 413
Our results confirmed that microbial groups in groundwater have yet to be sufficiently explored, as 414 exemplified in the high abundance of sequences that could not be classified at the phylum level (Figure  415 3). The lack of anaerobic MP degraders described in literature, makes the use of molecular targeted 416 tools difficult since many degraders have not been described before or they might be clustered 417 together in "unknown" taxa. Application of high throughput and non-targeted technologies such as 418 metagenomics, can contribute to explore the genetic degradation potential in groundwater systems. 419
We suggest for future studies of unexplored environments the combination of targeted (i.e., 16s rRNA, 420 qPCR) and untargeted molecular tools (i.e., metagenomics) to determine the presence of known 421 microorganisms and the metabolic capacity of both known and unknown. Within our dataset, we tried 422 to understand the effect of certain MP on microbial communities. This approach is thus limited to the 423 MP included in this dataset and cannot discard the possibility of unidentified MP or degradation 424 products to have a different effect in the microbial community structure. It is suggested that a bigger 425 set of emerging MP is included in future research projects. This study provides initial insights on how 426 the microbial communities are composed and distributed in groundwater systems and what are the 427 main factors influencing them. We aim in the future to conduct further studies towards understanding 428 the natural attenuation capacity of groundwater in order to guarantee safe drinking water production 429 from aquifers. 430 431
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